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PERFORMANCE OF 16-ARY DEQAM SIGNALLING WITH A PF3-ROTATED 
CO?JSTELL4TIOM THROUGH NONLINEAR SATELLITE CHANNELS 
S.W. CHEUNG and A.H. AGHVAMI 
Communications Research Group, 
Department of E l e c t r o n i c  and E l e c t r i c a l  Engineering 
King's College London (Universi ty  of  London) 
Abstract :  This  paper i n v e s t i g a t e s  t h e  
e f f e c t s  of AM-AM and/or AM-PM conversions of 
a high power a m p l i f i e r  (HPA) on t h e  
performance of a bandl imited 16-ary d i f f e r -  
e n t i a l l y  encoded quadrature  amplitude 
modulated (I6-ary DEQAM) system i n  t h e  
presence of a d d i t i v e  white Gaussian noise. 
The r e s u l t s  obtained by computer s imula t ion  
show t h a t  a combination of moderate output  
backoff from s a t u r a t i o n  of t h e  HPA and pre- 
r o t a t i o n  of t h e  t ransmi t ted  s i g n a l  
c o n s t e l l a t i o n  can considerably improve t h e  
system performance. F i n a l l y ,  the  
performance of t h e  proposed system is  
compared t o  that of  a 16-ary DEQAH system 
employing a n  FS' p r e d i s t o r t e r .  
I .  In t roduct ion  
Recent i n c r e a s i n g  demands f o r  t h e  
channel ca2ac i ty  and Ri spectrum of d i g i t a l  
s a t e l l i t e  rad io  systems have l e d  t o  t h e  
research  on t h e  p o s s i b l e  a p p l i c a t i o n  of 
h ighly  s p e c t r a l l y  e f f i c i e n t  modu a t i m  
techniques f o r  such systems[l - 5i. Among 
t h e s e  nodulat ion techniques,  16-ary 
quadrature  amplitude modulated (I6-az-y &AM) 
s i g n a l s ,  because of t h e i r  r e l a t i v e  s i n p l i c i t y  
of implementation and good e r r o r  performance 
through l i n e a r  cha pnels have r e c e n t l y  
received a t t e n t i o n  3 -  53. 
of t h e  non-constant na ture  of t h e i r  
envelopes, 16-QAM s i g n a l s  a r e  very s e n s i t i v e  
t o  t h e  nonl inear  e f f e c t s  of a t y p i c a l  
s a t e l l i t e  HPA. It has been shown tha tL4-  51 
t h e  performance of 16-ary &AM t ransmission 
through a s a t e l l i t e  channel is  s u b s t a n t i a l l y  
degraded due t o  t h e  AM-AM and AM-PM 
conversion e f f e c t s  of t h e  HF'A opera t ing  a t  o r  
near  s a t u r a t i o n  u n l e s s  t h e  HPA i s  e i t h e r  
operated a t  a l a r g e  backoff from s a t u r a t i o n  
o r  p r e - d i s t o r t i o n  techniques a r e  used. 
and/or AM-PM conversions of t h e  HPA of a 
s a t e l l i t e  system, on t h e  performance of a 
bandlimited 16-ary d i f f e r e n t i a l l y  encoded 
However, because 
I n  t h i s  paper ,  t h e  e f f e c t s  of AM-AM 
quadrature  amplitude modulation ( I  6-ary DEQAM) 
s i g n a l ,  a r e  inves t iga ted .  The r e s u l t s  of  t h e  
i n v e s t i g a t i o n  l e a d  t o  th.2 in t roduct ion  of a 
simple p r e - r o t a t i o n  technique which consider-  
a b l y  improves t h e  system performance. 
2. Model of t h e  System 
s tudied  here  is  shown i n  Fig. 1. The 
information t o  be t ransmi t ted  is  c a r r i e d  by 
t h e  b inary  d i g i t s  {si], where si = 0 o r  1. 
When t h e  encoder has received sbi, s4 i+ l l  
%& +&en map%f13these i n t o  t h e  corresponding 
coded signal-elements and q1 i ,  where 
= f I d r  f 3. The 
%h%ols a r e  such t h a t  thk r e s u l t i n g  I6-ary 
DEQAM s ipal  elements a t  t h e  output  of t h e  
t r a n s m i t t e r  (Fig. I )  a r e  d i f f e r e n t i a l l y  
encoded. Each premodulation lowpass f i l t e r  
h a s  a n  impulse response p( t ) ,  s o  t h a t  t h e  s i g n a l s  
a t  t h e  outputs  of t h e  inphase and quadrature  
premodulation f i l t e r s  i n  t h e  t r a n s m i t t e r  of 
Fig. 1 a r e  
The model of t h e  d i g i t a l  system 
and s , i t  d i f f e r e n t i a l l y  encodes 
. = f 1 o r  f 3 and q1 
r e s p e c t i v e l y ,  where T i s  t h e  syrnbol p e r h d .  
The modulation process  i s  l i n e a r .  
The I F  f i l t e r  is  a r e a l  sur face  a c o u s t i c  wave 
(SAW) bandpass f i l t e r  (P lessey ,  No. BP1103) , 
with a l i n e a r  phase c h a r a c t e r i s t i c  and a 
frequency response as  shown i n  Fig. 2. The 
16-ary DEQAM s i g n a l  a t  t h e  output  of t h e  I F  
f i l t e r  i s  fed  through a n  upconverter ,  t h a t  
changes t h e  c a r r i e r  frequency from f Hz ( a t  
IF)  t o  t h a t  requi red  f o r  t h e  t ransmi t ted  
s i g n a l ,  t h u s  permi t t ing  t h e  modulation process  
i t s e l f  t o  be c a r r i e d  out  a t  t h e  lower 
frequency of f Hz. The f i n a l  s t a g e  of  t h e  
t r a n s m i t t e r  i s  a n  HPA, which feeds  t h e  t r a n s -  
m i t t e r  output  16-ary DXQAM s i g n a l  t o  t h e  
antenna. Three assumed "A ' s ,  c a l l e d  HPAI, 
HPA2 and HPA3 a r e  used i n  t e s t s .  HPAI has t h e  
nonl inear  AM-AM and AM-PM c h a r a c t e r i s t i c s  
C 
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- 
given i n  Fig. 3. It in t roduces  both amplitude 
and phase d i s t o r t i o n s  i n t o  t h e  t ransmi t ted  
s igna l .  
HPAI i s  s e t  t o  u n i t y  and i s  c a l l e d  t h e  
s a t u r a t i o n  l e v e l .  HPA2 has t h e  same nonl inear  
AM-AM c h a r a c t e r i s t i c  given i n  Fig. 3, but  a 
constant  AM-PM c h a r a c t e r i s t i c .  Thus it 
in t roduces  only amplitude d i s t o r t i o n  and no 
phase d i s t o r t i o n  i n t 2  t h e  t ransmi t ted  s igna l .  
While HPA3 h a s  the  same nonl inear  AM-PM 
c h a r a c t e r i s t i c  given i n  Fig. 3, i t  h a s  a 
l i n e a r  AM-AM c h a r a c t e r i s t i c  even above sat- 
urat ion.  It in t roduces  only phase d i y t o r t i o n  
and no amplitude i n t o  t h e  t ransmi t ted  s i g n a l .  
HPA2 and HPA3 a r e  used t o  i n v e s t i g a t e  t h e  
ind iv idua l  nonl inear  AM-AM and AM-PM con- 
vers ion  e f f e c t s  of HPAI on t h e  t ransmi t ted  
s igna l .  For t h e  same input  back o f f  (IBO), 
HPAlandHPA2 have t h e  same output back off  
(OBO). For H P A 3 ,  wi th  a given IHO, t h e  030 
value i s  dependent upon t h e  s lope  of t h e  AM-AM 
c h a r a c t e r i s t i c .  
The maximum s i g n a l  l e v e l  passed by 
The t ransmission pa th ,  from t h e  
output  of t h e  HPA t o  t h e  input  of t h e  r e c e i v e r  
(Fig. I ) ,  is  assumed here  t o  be l i n e a r .  In 
t h e  model of t h e  system used f o r  t h e  t e s t s ,  
t h e  t ransmission p a t h  i s  assumed t o  introduce 
no a t t e n u a t i o n ,  d i s b r t i o n  o r  no ise ,  and t h e  
t ransmission delay is ,  f o r  convenience, 
ignored. 
s i g n a l  is  taken t o  be the  same as t h e  
corresponding t ransmi t ted  s igna l .  S t a t i o n a r y  
white Gaussian noise  is  assumed t o  be added t o  
t h e  16-ary DEQAM s i g n a l  a t  t h e  r e c e i v e r  input .  
a m p l i f i e r  i s  fed  through t h e  dom-converter ,  
which changes t h e  c a r r i e r  frequency back t o  
IF. An I F  f i l t e r ,  wi th  t h e  same charac te r -  
i s t i c s  as  t h a t  a t  t h e  t r a n s m i t t e r ,  then  band- 
l i m i t s  t h ?  received s i g n a l  before  t h e  l a t t e r  
is  demodulated coherently. The re ference  
c a r r i e r s  used f o r  demodulation a r e  taken t o  
have t h e  c o r r e c t  frequency and phase, and t h e  
post-demodulator lowpass f i l t e r s  have t h e  same 
impulse response p( t )  as  t h e  premodulation 
lowpass f i l t e r s  i n  t h e  t ransmi t te r .  The t@io 
demodulat?d baseband s i g n a l s ,  a t  t h e  outputs  
of t h e  lowpass f i l t e r s ,  a r e  sampled a t  t h e  
c o r r e c t  t iQe- ins tances  { i T ] ,  once p e r  rece ived  
16-ary DEQAM s i g n a l  element, so t h a t  i d e a l  
demodulation and sampling is  achieved. 
Furthermore, i n  t h e  absence of any nonl inear  
d i s t o r t i o n  introduced by t h e  HPA, i d e a l  
matched f i l t e r  d e t e c t i o n  i s  a l s o  achieved 
here. The samples of t h e  two demodulated 
baseband s i g n a l s  a r e  f e d  t o  t h e  a s s o c i a t e d  
threshold  d e t e c t o r s ,  whose output  s i g n a l s  a r e  
t h e  de tec ted  symbols [$ . ]  and {q: i]. These 
a r e  fed  t o  t h e  decoder, d i i c h  opera tes  on them 
t o  give t h e  Corresponding de tec ted  b inary  
d i g i t s  [s!]. 
s' = s 
Thus t h e  received 16-ary DEQAM 
The output  s i g n a l  from t h e  input  
In t h e  absence of e r r o r s ,  
Por a l l  C i ] .  i i' 
I n  t h e  computer-simulation model of 
t h e  system, i t  is  necessary t o  use t h e  equi- 
va len t  baseband s i g n a l  i n  p lace  of t h e  
modulated-carrier s igna l .  To t e s t  t h e  e f f e c t s  
of t h e  I F  f i l t e r s  and HPA on t h e  t ransmi t ted  
s i g n a l ,  t h e  nodel of Fig. 4 i s  used i n  t h e  
s imula t ion ,  where e i t h e r  of  t h e  two switches A 
and B i s  closed. 
3. Computer-Simulation T e s t s  
3.1 Basic Assumptions 
c a r r i e d  out  on t h e  t ransmission system of 
Fig. 1 ,  where t h e  HPA may be HPAI, HPA2 o r  
HPA3. In every case t h e  equivalent  baseband 
model has been used. The s ignal /noise  r a t i o  
i s  taken as $ dB, 
where 
Computer-simulation t e s t s  have been 
E 
46 = 10 loglo ($ ) . 
0 
E i s  t h e  average t ransmi t ted  energy per  b i t  
and N is  t h e  one-sided power s p e c t r a l  dens i ty  
of thg  a d d i t i v e  white Gaussian noise  a t  t h e  
input  of t h e  rece iver .  I n  a l l  t e s t s ,  t h e  low- 
pass  f i l t e r s  i n  t h e  t r a n s n i t t e r  and r e c e i v e r  
of  Fig. 4 a r e  t h e  same. Furthermore, they  a r e  
such t h a t  t h e  r e s u l t a n t  frequency response of 
t h e  t r a n s m i t t e r  and r e c e i v e r  lowpass f i l t e r s  
ii cascade, and i n  t h e  absence of any non- 
l i n e a r  d i s t o r t i o n ,  has  a r a i s e d  cosine shaping 
with a r o l l o f f  of m. 
of each of t h e  lowpass f i l t e r s  has i n f i n i t e  
length.  However, a t runca ted  p o r t i o n  of 
dura t ion  4T of t h e  i d e a l  impulse response is 
used i j  simulat ions.  R e s u l t s  have shown 
t h a t b  
ii performance a t  b i t  e r r o r  r a t e s  around 10 , 
r e l a t i v e  t o  t h e  i d e a l  16-ary DEQPM systen.  
3.2 R e s u l t s  and Discussion 
Figure 5 shows t h e  inf luence  of t h e  
HPA on t h e  eye diagram of  t h e  inphase 
demodulated s i g n a l  i n  t h e  r e c e i v e r  of Fig. 4. 
I n  Fig. 5a, t h e  switch ' A '  is  c losed ,  whereas 
i n  Figs. 3, 5c and 5d, t h e  switch IB' is  
closed with t h e  use of HP41, HPA2 and HPA3, 
respec t ive ly .  It is evident  that a t  a given 
backoff ,  HPAI causes  more s i g n a l  d i s t o r t i o n  
than  does HPA2 o r  HPA3, and "A2 reduces t h e  
eye openings of t h e  s i g n a l  more than  doesHPA3. 
Figure 6 i l l u s t r a t e s  t h e  b i t  e r r o r  
r a t e  performances of  t h e  system shown i n  
Fig. 4 with t h e  switch IBl  c losed and 
d i f f e r e n t  degrees  of backoff i n  t h e  HPA (HPAI, 
HPA2 o r  HPk3). It can be seen t h a t ,  t h e  
degradat ions i n  t7 le rance  t 2  no ise ,  a t  a b i t  
e r r a r  r a t e  of IO-*, wi th  5 dB OB0 i n  HPAI, is  
about 4.9 dB, r e l a t i v e  t o  t h a t  of a n  i d e a l  
16-ary DEQAM system. 
d i s t o r t i o n  i n  t h e  s i g n a l  is  removed, i.e. 
rep lac ing  HPAl by HPA2, t h e  degradat ion is  
b 
The impulse response 
t h i s  causes  a n e g l i g i b l e  d e g r a d a t i o z  
If  t h e  AM-PM nonl inear  
51.6.2. 
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reduced t o  about 1.1 dB ( a  reduct ion  of about 
3.8 dB), while  i f  t h e  AM-AM nonl inear  d i s -  
t o r t i o n  i n  t h e  s i g n a l  is  removed i n s t e a d ,  i.e. 
rep lac ing  HPAI by HPA3, t h e  degradat ion i s  
reduced t o  about 0.8 dB ( a  reduct ion  of about 
4.1 dB). With 4 dB OB0 i n  HPAI, t h e  
degradat ion i n  to le rance  t o  noise  of t h e  
system is  about 10 dB, a t  a b i t  e r r o r  r a t e  of 
DEQAM system. 
2.8 dE3 o r  1.2 dB, through rep lac ing  HPAI o r  
HPA3, respec t ive ly .  The degradat ion caused 
by t h e  nonl inear  AM-AM and AM-PM conversion 
e f f e c t s  is  much g r e a t e r  than  t h e  sum of t h e  
degradat ions caused by t h e  i n d i v i d u a l  non- 
l i n e a r  AM-AM and AM-PM e f f e c t s .  This  is  more 
obvious a t  low backoff values. 
The above impl ies  t h a t ,  i f  e i t h e r  
t h e  AM-AM o r  AM-PM conversion e f f e c t s  of t h e  
HPA i s  removed o r  reduced, a very s i g n i f i c a n t  
improvement i n  performance may be achieved. 
Figure 7 shows t h e  rece ived  s ignal-space 
v e c t o r s ,  at  t h e  time i n s t a n c e s  { i T ] ,  a t  t h e  
outputs  of t h e  post-demodulation f i l t e r s  i n  
t h e  system of Fig. 4. 
t o  when t h e  switch ' A '  i s  c losed ,  whereas 
Fig. % corresponds t o  when t h e  switch 'B '  is  
closed with 5 dB OB0 i n  t h e  HPAI. 
Fig. 7a t o  Fig. 7b,  i t  can be seen that t h -  
signal-space v e c t o r s  with amplitude of 
have l e s s  d i s t o r t i o n  than  those w i t h J 7 8  and 
n. The l e n g t h s  of t h e  s ignal-space v e c t o r s  
with amplitude a r e  reduced, while those  
with amplitude a r e  expanded. These a r e  
caused by t h e  AM-AM conversion e f f e c t  i n  t h e  
HPA. It can a l s o  be seen that t h e  s i g n a l  
v e c t o r s  with ampli tudes of /I'B and & a r e  
r o t a t e d  clockwise and an t ic lockwise ,  
r e s p e c t i v e l y ,  by c e r t a i n  degrees. These a r e  
caused by t h e  AM-PM conversion e f f e c t  i n  t h e  
HPA. 
and AM-PM e f f e c t s  have reduced t h e  d i s t a n c e s ,  
of t h e  s ignal-space v e c t o r s  with amplitude 
from t h e  dec is ion  thresh013 s i g n i f i -  
c a n t l y ,  hence t h e  nonl inear  e f f e c t s  cause 
s i g n i f i c a n t  degradat ion i n  to le rance  t o  noise  
(IO dB, a t  a b i t  e r r o r  r a t e  of t o  t h e  
s i g n a l  (Fig. 6). 
t o r t i o n  i s  removed from t h e  s ignal-space 
v e c t o r s ,  i .e. rep lac ing  HPAI by HPA2 i n  
Fig. 4, Fig. 7c r e p l a c e s  Fig. 7 b ,  while i f  
t h e  AM-AM s i g n a l  d i s t o r t i o n  i s  removed from 
t h e  signal-space v e c t o r s ,  i .e. rep lac ing  
HPAI by HPA3 i n  Fig. 2 ,  Fig. 7d r e p l a c e s  
Fig. 7b. Comparing Fig. 7b t o  Figs. 7c and 
7d, i t  can be seen that, t h e  d i s t a n c e s ,  of 
t h e  s ignal-space v e c t o r s  with amplitude m, 
from t h e  dec is ion  threshold ,  a r e  s i g n i f i -  
c a n t l y  increased ,  i.e. a n  improvement on t h e  
system performance as  a l ready  shown i n  Fig. 6. 
v e c t o r s  with ampli tudes /I'B and &?are r o t a t e d  
r e l a t i v e  t o  that of a n  i d e a l  16-ary 
The degradat ion i s  reduced t o  
Figure 7a corresponds 
Comparing 
Figure 7k1 a l s o  shows t h a t  these  AM-AM 
I f  t h e  AM-PM s i g n a l  d i s -  
I n  Fig. 7d, t h e  s igna l -s  ace  
clockwise and an t ic lockwise ,  r e s p e c t i v e l y ,  by 
c e r t a i n  angles .  
a r e  dependent upon t h e  AM-PM c h a r a c t e r i s t i c  of 
t h e  HPA. Therefore ,  with a p r i o r  knowledge of 
t h e  AM-PM c h a r a c t e r i s t i c  of  t h e  HPA, i f  the  
s i g n a l  elements . and q1 i,  before  lowpass 
f i l t e r i n g  a t  the?&nsmitte*, a r e  pre- ro ta ted  
with t h e  same amounts of angles  but  i n  t h e  
opposi te  d i r e c t i o n s  done by t h e  HPA, t h e  
e f f e c t  of t h e  AM-PM can be reduced and hence 
a n  inprovement i n  t h e  system performance can 
e a s i l y  be achieved. Figure 7e shows t h e  
rece ived  s ignal-space v e c t o r s  us ing  t h e  pre- 
r o t a t i o n  method. 
s i g n a l ,  with the  pre- ro ta t ion  method and 
d i f f e r e n t  degrees  of OBO, a r e  a l s o  shown i n  
Fig. 6. It i n d i c a t e s  t h a t ,  wi th  5 dB 020 i n  
t h e  HPAI and a t  a b i t  e r r o r  r a t e  of IO", t h e  
degradat ion i n  to le rance  t o  noise  is  about 
1.6 dB, compared t o  4.9 dB when p r e - r o t a t i o n  
is  not used. An improvement of 3.3 dB has  
been achieved. I n  f a c t ,  a t  t h i s  backoff ,  
t h e r e  is very l i t t l e  d i f fe rence  inperformances 
betdeen t h e  p r e - r o t a t i n n  method and HPA2, 
hence t h e  AM-PM s i g n a l  d i s t o r t i o n  i n  t h e  
received s ignal-space v e c t o r s  i s  near ly  e l imi-  
nated. 
mostly by the  AM-AM conversion e f f e c t  of t h e  
HPAl . 
a t  t h e  same b i t  e r r o r  r a t e ,  t h e  method has  a 
degradat ion of about 3 dB, compared t o  10 dB 
when p r e - r o t a t i o n  is  not  used. Obviously, t h e  
method is b e t t e r  when used a t  high OB0 values .  
The performance of t h e  s i g n a l  with 
4 dB 030 and RF p r e d i s t o r t i ~ n [ ~ ]  i s  shown i n  
Fig. 6,  which i n d i c a t e s  t h a t  p r2- ro ta t ion  is 
about 2 dB worse than  t h a t  of RI7 p r e d i s t o r t i o n .  
This  i s  because t h e  o v e r a l l  amplitude charact-  
e r i s t i c  of t h e  hn p r e d i s t o r t e r  and HP-4 is  
a c t u a l l y  l i n e a r  up t o  s a t u r a t i o n  and t h e  over- 
a l l  phase c h a r a c t e r i s t i c  has  almost zero phase 
s h i f t ,  j r r e s p e c t i v e  of t h e  input  power, while 
t h e  pre- ro ta t ion  method does not  e l imina te  the  
AM-AM conversion e f f e c t  of  t h e  HPA a t  a l l .  
However, p re- ro ta t ion  i s  st i l l  c o s t  e f f e c t i v e  
because t h e  hardware implementation is  
extremely simple. 
d i f f e r e n t  s e t  of s i g n a l  c o n s t e l l a t i o n s  used a t  
t h e  t ransmi t te r .  
The va lues  of these  angles  
The performances of t h e  
The degradat ion of 1.6 dB i s  caused 
However, with 4 dB 050 i n  t h e  HPAI and 
A l l  it r e q u i r e s  is a 
4. Conclus ims  
The e f f e c t s  of  t h e  AM-AM and/orAM-PM 
conversions of a s a t e l l i t e  HPA, on t h e  per for -  
mance of a 16-ary DEqAM transmission,  i n  t h e  
presence of a d d i t i v e  white Gaussian noise ,  have 
been examined. The r e s u l t s  show t h a t ,  t h e  
degradat ion due t o  the  AM-AM and AM-PM con- 
vers ion  e f f e c t s  of t h e  HPA t e s t e d  i s  much l e s s  
than  t h a t  of t h e  sum of t h e  degradat ionscaused 
by t h e  i n d i v i d u a l  AM-AM and AM-PM conversion 
e f f e c t s .  Also, t h e  AM-AM s i g n a l  d i s t o r t i o n  
causes  more degradat ion than  does t h e  AM-PM 
51.6.3. 
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s i g n a l  d i s t o r t i o n ,  under t h e  same assumed 
condi t ions.  
With p r e - r o t a t i ? n  and modzrate out-  
put  backoff va lues  of  t h e  H P A ,  t h e  AM-PM d i s -  
t o r t i o n  i n  t h e  received s ignal-space v e c t o r s  
can near ly  be e l i n i n a t e d .  The r e s u l t s  of t h e  
s tudy show t h a t ,  a t  a 5 dB OH0 i n  t h e  HPA and 
a t  il b i t  e r r o r  r a t e  of t h e  system 
degradat ion is about 4.9 dB, r e l a t i v e  t o  t h a t  
of a n  i d e a l  16-ary DEQAM system. However, i f  
p re- ro ta t ion  is  used, t h e  degradat ion is  
reduced t o  1.6 dB. 
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